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Thermodynamic and transport properties are reported on single crystals of the hexagonal antifer-
romagnet Mn3Sn grown by the Sn flux technique. Magnetization measurements reveal two magnetic
phase transitions at T1 = 275 K and T2 = 200 K, below the antiferromagnetic phase transition at TN
≈ 420 K. The Hall conductivity in zero magnetic field is suppressed dramatically from 4.7 Ω−1cm−1
to near zero below T1, coincident with the vanishing of the weak ferromagnetic moment. This illus-
trates that the large anomalous Hall effect (AHE) arising from the Berry curvature can be switched
on and off by a subtle change in the symmetry of the magnetic structure near room temperature.
PACS numbers:
Conducting materials exhibit the Hall effect, a trans-
verse voltage produced by longitudinal current flow in
an orthogonally applied external magnetic field. The
anomalous Hall effect (AHE), commonly associated with
ferromagnets, is governed by extrinsic and intrinsic
contributions.1 The extrinsic contribution depends on de-
tails of the impurity scattering, while the intrinsic con-
tribution, first considered by Karplus and Luttinger,2
arises from a fictitious magnetic field due to Berry-phase
curvature in momentum-space, with a strength deter-
mined by the spin-orbit coupling.1,3 Experiments show
a crossover from a dominant extrinsic effect on the AHE
to a dominant intrinsic one with increasing longitudinal
resistivity.4
Antiferromagnets have recently received attention for
potential applications because of their insensitivity to
perturbations, no stray fields, and fast spin dynamics
that are required for data retention, high-density memory
integration, and ultrafast data processing.5–7 While an
AHE is not realized in collinear antiferromagnets, recent
theoretical and experimental investigations of chiral anti-
ferromagnets reveal that a large AHE is possible, even in
zero magnetic field, comparable in magnitude to that of
ferromagnets.8–11 In the hexagonal Mn3X (X=Ga, Ge,
Sn) systems (space group P63/mmc, Fig. 1 (a)), geo-
metrical frustration in the Kagome lattice of Mn atoms
within the ab-plane leads to non-collinear antiferromag-
netic order with the moments aligned at 120◦, forming
an inverse triangular spin structure.12,13 In the presence
of spin orbit coupling, the symmetry of the structure per-
mits an anomalous Hall contribution as well as a finite
magnetization, although the relative magnitude of each
term can not be determined by symmetry alone. Exper-
imentally, the presence of a weak ferromagnetic moment
(WFM)13–18 enables the alignment of various domains
with a small magnetic field, which otherwise could have
opposite AHE contributions. The small coercive field of
this weak ferromagnetic state results in large changes to
the Hall resistivity (≈ 10µΩcm) with a small magnetic
field (Hc ≈ 500 Oe) at room temperature.9 Large ther-
mal Hall and Nernst signals in Mn3Sn also arise due to a
similar mechanism.19,20 These properties may make this
material attractive for switches or data storage.
A promising theoretical framework for estimating the
magnitude of the intrinsic AHE based upon details of the
band structure shows that the magnitude of the AHE
depends sensitively on details of the magnetic and elec-
tronic structures.5,21–26 Mn3Sn is well-suited for such an
investigation. Neutron diffraction studies on Mn3Sn re-
vealed the existence of the inverse triangular spin struc-
ture below TN ≈ 420 K.12,13 With this magnetic struc-
ture, first principles calculations of the AHE from the
Berry curvature are in good agreement with the ex-
perimentally determined magnitude of the AHE.8,27 It
is well known, however, that the magnetic structure of
Mn3Sn depends sensitively on the precise chemical com-
position and synthesis conditions.28,29 A schemetic mag-
netic phase diagram is shown in Fig. 1. Most studies find
a transition from the inverse triangular state to an in-
commensurate magnetic structure below T1 in which the
WFM is also suppressed. T1 can occur as high as 275 K.
A recent magnetic torque study observed two transitions
T1=275 K and T2=200 K, which are argued to result from
different easy axes in the two spiral magnetic phases.30
At temperatures between 100 and 50 K an increase of the
magnetization with decreasing temperature is reported to
be due to the onset of spin-glass behavior.12,18 The tran-
sitions to an incommensurate magnetic structure do not
occur in Czochralski grown samples, which are slightly
Mn-rich.9
Here, we report measurements of the physical proper-
ties of Mn3Sn single crystals, synthesized by the self flux
method, to examine the sensitive relation between the
AHE and the magnetic structure. In particular, we find
a large Hall signal (≈ −1.5∼−3 µΩcm) in the inverse tri-
angular spin state, T1 < T < TN , which is comparable
to that found in other studies.9,11 When the magnetic
structure becomes an incommensurate spin spiral below
T1 = 275 K, the Hall resistivity drops by two orders of
magnitude across a first order phase transition. We pro-
pose a change in magnetic structure that could account
for the sudden vanishing of the AHE. This trait adds to
the functionality of large AHE effects in chemically tuned
Mn3Sn.
Mn3Sn single crystals were grown by the molten-metal
flux growth method.31 Pieces of Mn (99.98%) and Sn
(99.999%) were mixed with an atomic ratio of Mn : Sn
= 7 : 3 and placed in an alumina crucible. The crucible
ar
X
iv
:1
80
4.
00
11
6v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 31
 M
ar 
20
18
2(a) [0 0 0 1 ]
[ 1 2  1 0]
[2  1  1 0]
Mn
Sn     
(b)
FIG. 1: (a) Crystal structure of Mn3Sn. Red and blue balls
represent Mn and Sn atoms, respectively. Dotted lines indi-
cate the hexagonal unit cell and sticks show the kagome lattice
in the (0 0 0 1) plane. (b) Schemetic magnetic phase diagram
and spin structures of Mn3Sn which indicate the spin glass,
spiral, and triangular AFM states as a function of tempera-
ture. The [1 1 2¯ 0] direction and [0 0 0 1] direction are easy
axes in the spiral spin states, IA and IB , respectively.
30 Green
arrows indicate the suggested in-plane spin structures above
and below T1. Note the existence of a C3z symmetry below T1
, which is broken in the inverse spin triangular phase above
T1. This enables a large AHE above T1.
was sealed in a silica tube under vacuum. The tube was
heated to 1000 ◦C at a rate of 100 ◦C/h, maintained at
1000 ◦C for 6 hours, and then cooled to 900 ◦C at a rate
of 1.25 ◦C/h. At 900 ◦C, the silica tube was centrifuged
to separate the crystals from the flux using quartz wool
as a filter. Mn3Sn single crystals were obtained in the
form of rods with a hexagonal cross section, with typical
dimensions of ∼1 × 1 × 3 mm3 (Figs. 2 (a) and (b)).
The crystals were characterized using Laue and pow-
der x-ray diffractometers, scanning electron microscopy
(SEM), and energy-dispersive x-ray spectroscopy (EDX;
FEI Quanta 400 FEG-E-SEM) collected at 23 points at
various points on the sample surface. DC magnetization
measurements of single crystals between 2.5 K and 380
K in magnetic fields up to H=50 kOe were performed
in a Quantum Design Magnetic Property Measurement
System (MPMS). Transport measurements were carried
out in a Quantum Design Physical Property Measure-
ment System (PPMS) between 1.8 K and 385 K and in
magnetic fields up to 90 kOe. 25-µm diameter Pt wires
were spot welded to the sample surface to make electrical
contacts for electrical resistivity and Hall effect measure-
ments. All Mn3Sn samples were mechanically polished
to remove any remaining flux on the surface before per-
forming the measurements.
The temperature-dependent Hall resistivity (ρH) was
measured at H = 10 kOe and H = 0 Oe, and defined as
ρH(H=10 kOe) = [ρH(H=10 kOe)-ρH(H=-10 kOe)]/2
and ρH(H=0 Oe) = [ρH(H→+0 Oe)-ρH(H→-0 Oe)]/2,
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FIG. 2: (Color online) (a) and (b) show SEM images of
Mn3Sn single crystals with indications of crystallographic di-
rections in the samples. (c) Laue pattern of a polished surface
showing the (0 0 0 1) plane.
respectively. The notation +0 Oe (-0 Oe) refers to ramp-
ing the field to zero from positive (negative) fields en-
suring no overshoot. The Hall conductivity in zero field,
σH(H=0) is given by σH(H=0) = -ρH(H=0)/ρ
2
xx(H=0)
in the limit that the longitudinal electrical resistivity,
ρxx, is much larger than ρH . The field dependence of
the topological AHE, ρAH , is determined as ρ
A
H = ρH -
R0B - Rsµ0M where R0, Rs and µ0 are the normal and
anomalous Hall coefficients and the permeability, respec-
tively. Here, R0B and Rsµ0M indicate the ordinary Hall
effect and the anomalous Hall effect due to magnetism
in the compound, while ρAH is the topological Hall effect
arising from spin texture due to the Berry phase curva-
ture in momentum space.
Mn3Sn crystallizes in the hexagonal Ni3Sn-type struc-
ture (P63/mmc) as shown in Fig. 1 (a). The lattice
parameters determined from the powder x-ray diffraction
data were a = 5.6763(4) A˚ and c = 4.5361(5) A˚ (Fig. S1),
comparable to the values found in the previous study.32
The crystallographic directions of the samples are indi-
cated in Figs. 2 (a) and (b), which were determined by
Laue diffraction (Fig. 2 (c)). The chemical composition
of the samples was determined to be Mn2.97(1)Sn1.03(1)
based on EDX measurements (Fig. S2), which is close to
the ideal chemical composition, and henceforth, we refer
to this sample as Mn3Sn.
The isothermal magnetization, M(H), of a Mn3Sn sin-
gle crystal was measured at T = 5 K, 100 K, and 300 K in
an applied magnetic field along H ‖ [0 1 1¯ 0] (Fig. 3 (a)).
Weak ferromagnetism with hysteresis was observed at T
= 300 K, but the phenomena disappeared at lower tem-
peratures. With an applied magnetic field of H = 5 kOe,
the magnetic moment was ∼11, 8.5, and 12 mµB/f.u. at
T = 5, 100, and 300 K, respectively. Therefore, the differ-
ent magnetic phases were distinguishable from the value
of the magnetic moment and the existence of hystersis
in the M(H) curves. Figure 3 (b) shows the temper-
ature dependence of the magnetization divided by field
M(T )/H, which for simplicity we label as χ(T ), in H = 1
kOe along the H ‖ [0 1 1¯ 0] and H ‖ [0 0 0 1] directions in
a temperature range of 2.5 K≤ T ≤ 380 K. Two magnetic
phase transitions at T1 = 275 K and T2 = 200 K were
found, which correspond well to previous neutron diffrac-
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FIG. 3: (Color online) (a) Isothermal magnetization, M(H),
of a Mn3Sn single crystal at T = 5, 100, 300 K for H ‖ [0 1
1¯ 0]. (b) Temperature dependent magnetization divided by
field, M(T )/H, of a Mn3Sn single crystal with an applied field
of H = 1 kOe along H ‖ [0 1 1¯ 0] and H ‖ [0 0 0 1] directions,
in both ZFC and FC modes.
tion and magnetization meausurements results.14,33 The
change around T1 is most prominent when the measure-
ments were performed for H ‖ [0 1 1¯ 0]. The phase tran-
sition at T2 is possibly related to the helical structure
reconstruction.30 Below Tg ≈ 50 K, an upturn in χ(T )
appeared with decreasing temperature and the hystersis
in χ(T ) were observed between zero field cooled (ZFC)
and field cooled (FC) temperature sweeps, which indi-
cates a spin-glass state, as previously reported.34 The
changes in magnetization at T1 and T2 were not observed
in χ(T ) measurements of samples that were synthesized
using the Bridgman method.12,18 Moreover, both transi-
tions were absent in measurements on single crystals syn-
thesized by the Czochralski method using a 10% excess
of Mn to account for losses during the growth process;
the chemical composition of the Czochralski single crys-
tal was Mn3.02Sn0.98.
9 This further confirms that Mn3Sn
samples possess different magnetic structures depending
on the chemical composition and/or growth conditions,
as previously reported.28,29
The electrical resistivity ρxx with current I applied
along [0 0 0 1] as a function of temperature in zero field
exhibits metallic behavior, as shown in Fig. 4 (a), with
a residual resistivity ratio (ρ385Kxx /ρ
2K
xx ) of 14. A kink
in ρxx was found at T1 signaling the transition from
the non-collinear AFM to a spiral magnetic state.17 In
the temperature-dependent Hall resistivity (ρH) mea-
surement with an applied magnetic field of H = 1 T
along H ‖ [0 1 1¯ 0] and the electrical current along I ‖
[0 0 0 1] (Fig. 4 (b)), an abrupt change was also found
at T1. A similar, albeit much slower, suppression of the
AHE was also observed in ref.19. The insets of Figs.
4 (a) and (b) show hysteretic behavior of ρxx and ρH
vs. T near T1 upon warming and cooling, which indi-
cates a first-order phase transition at T1. A change in
sign of ρH was observed around T2. A slope change in
ρH around Tg, as shown in Fig. 4 (c), is regarded to be
related to the spin-glass state.34 In contrast, Czochralski-
grown samples show continuous ρxx and ρH curves with-
out anomalies at the magnetic transitions T1 and T2.
9
Clearly, the AHE is extremely sensitive to the distinct
magnetic structures in Mn3Sn.
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FIG. 4: (Color online) (a) Temperature-dependent zero-field
electrical resistivity, ρxx(T ), of Mn3Sn single crystals with the
current along I ‖ [0 0 0 1]. (b) Temperature-dependent Hall
resistivity, ρH(T ), of a Mn3Sn single crystal at H = 10 kOe,
H ‖ [0 1 1¯ 0] and current I ‖ [0 0 0 1]; insets: zoom of ρxx(T )
and ρH(T ) about T1. (c) Expanded plot of ρH(T ). Black
circles and blue squares indicate the obtained data as the
temperature increases and decreases, repectively. (d) Tem-
perature dependence of the zero-field Hall resistivity obtained
after field cooling in a magnetic field of H = 10 kOe along H
‖ [0 1 1¯ 0] with I ‖ [0 0 0 1] and measuring upon warming.
The inset shows the electrical contact configuration for the
Hall measurements.
The Hall resistivity, ρH , was also measured at zero
field (H=0) between 2 K ≤ T ≤ 385 K with increasing
temperature and a current along I ‖ [0 0 0 1]. The mea-
surements were made after FC in an applied field of H
= 10 kOe along H ‖ [0 1 1¯ 0] direction, then removing
the field at the lowest temperature of 2 K (Fig. 4 (d)).
In contrast to ρH(10 kOe) shown in Fig. 4 (b), ρH(0
kOe) below T1 is strictly zero as one would expect for
an ordinary metal in zero applied field. Above, T1, ρH(0
kOe) has the same functional form as ρH(10 kOe), but
with roughly an order of magnitude smaller amplitude
than ρH(10 kOe). The origin of this reemergent Hall
contribution in zero field requires further investigation.
Fig. 5 (a) shows the temperature dependence of the Hall
conductivity in zero and 10 kOe fields, σH(H=0) and
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FIG. 5: (Color online) (a) Temperature dependence of the
Hall conductivity in zero field, σH(H = 0), and in a field of
10 kOe, σH(H = 10 kOe) obtained from the resistivity data
presented in Fig. 4. (b) Magnetic field dependence of AHE,
ρAH , at T = 5, 100, 300 K. The anomalous Hall contribution
is zero below T1.
σH(H=10 kOe), determined upon warming, where ρH
was extracted from Figs. 4 (b) and 4 (d), respectively.
In Fig. 5 (b), the field dependence of the intrinsic
AHE, ρAH , at T = 5, 100, and 300 K is displayed. To ob-
tain ρAH the linear-in-field normal contribution R0B was
subtracted from the data. From the Hall data in Fig. 4
(b) below T1, the absolute value of R0 is less than 4 ×
10−4 cm3/C . At 300 K we subtract an extrinsic anoma-
lous contribution with Rs = -0.6 cm
3/C obtained from
the linear dependence of ρxy versus magnetization at 300
K (not shown). These values are comparable in magni-
tude to those obtained from Czochralski grown crystals,9
although the sign of Rs is opposite in the two cases. We
note that the values of R0 and Rs are negligible compared
to the intrinsic anomalous Hall contribution above T1.
The large values of ρAH observed above T1 are comparable
to ferromagnetic Fe or Ni,1,4,9 but negligibly small values
are found below T1. The results for ρ
A
H at room tem-
perature are qualitatively similar although differ slightly
in magnitude to previous published results,9,11 revealing
that details of the electronic structure and/or scatter-
ing rate can influence the magnitude of the AHE in the
inverse triangle magnetic state as might be expected.
Though details of the electronic structure determine
the magnitude of the intrinsic AHE, the presence or ab-
sence of such a term is dictated by symmetry.26 The
inverse triangle magnetic state with magnetic order-
ing wave vector Q=0 at high temperatures in Mn3Sn
breaks the many requisite symmetries to allow an intrin-
sic AHE contribution. Previous neutron scattering work
on Mn3Sn below T1 have emphasized the incommensu-
rate magnetic structure, which propagates along the c-
axis.12,35 Naively, one would expect that an incommen-
surate magnetic structure would break additional sym-
metries, and hence it is surprising that the AHE vanishes
below T1. This suggests that the magnetic structure must
fundamentally change to restore a symmetry below T1
that was absent above T1. One such symmetry would be
a three-fold rotation about the c-axis (C3z). As shown in
Fig. 1, this symmetry is broken above T1, but is satisfied
in the proposed in-plane magnetic structure below T1.
The presence of a C3z symmetry forces the Hall conduc-
tivity due to the Berry curvature for H ⊥ c to be iden-
tically zero.26 Alternatively, the intrinsic AHE strongly
depends sensitively on the orientation of the magnetic
structure. Hence, it is conceivable that the incommen-
surate magnetic structure, could effectively average out
the intrinsic AHE to a finite, but small, non-zero value.
Mn3Sn single crystals synthesized by a simple self-flux
method are found to possess a large intrinsic AHE in
the so-called inverse triangle magnetic state comparable
to that found in crystals grown by other techniques.9,11
Importantly, the different synthesis conditions leads to
a sharp first order phase transition at 275 K to a new
magnetic structure, which causes the intrinsic contribu-
tion to the AHE to abruptly vanish. The temperature
at which these effects occur are sensitive to growth
conditions and/or the Mn:Sn ratio. Consequently, this
demonstrates an additional control parameter of the
large anomalous Hall effect exhibited by antiferromag-
netic Mn3Sn, which could be exploited for technological
applications.
Supplementary Material
See supplementary material for the powder x-ray diffrac-
tion and EDX measurements.
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